Introduction
============

*Galla chinensis*, a traditional Chinese medicine, is widely available and used in China. It originates from the abnormal growth of the Rhus leaf tissue in response to secretion of parasitic aphids (family Pemphigidae).^[@bib1]^ It has been used for thousands of years due to its antibacterial, antiviral, anticaries, antioxidative, anticancer, live-protective, antidiabetic, antidiarrheal, anti-inflammatory and antithrombin activity.^[@bib2]^ *G. chinensis* is rich in gallotannins, and has nearly 20% gallic acid (GA) and 7% methyl gallate.^[@bib2]^ Gallotannins consist of a central glucose core, which is surrounded by several GA units, and further GA units can be attached through depside bonding of additional galloyl residues.^[@bib1]^

In recent years, our research group has obtained *G. chinensis* extract (GCE) with distilled water. GCE was further fractionated by adsorption chromatography with deionized water, 30% ethanol, 50% acetone and 100% acetone successively, and GCE-A, GCE-B, GCE-C and GCE-D were gotten. GCE-B could be further purified and fractionated, and then, GA and methyl gallate were obtained. Among all the extracts from *G. chinensis*, GCE was demonstrated to be the most effective anticaries agent. GCE was shown to inhibit growth and metabolism of caries pathogens and also favorably shift the demineralization/remineralization balance of enamel.^[@bib3],[@bib4],[@bib5],[@bib6],[@bib7],[@bib8],[@bib9],[@bib10]^ However, previous studies mainly focused on GCE\'s anticaries activities and on structural changes in enamel when treated by GCE, and paid little attention to the composition analysis and to the main active component(s) in anticaries effects.

It is well documented that traditional Chinese medicine generally possess very complex compositions. Both the choice of raw material and the extraction method will influence the extracts, and thereby can modify their physicochemical characteristics and bioactivities.^[@bib11]^ For GCE, in studies of the inhibition of enamel demineralization, it was more effective than GCE-A, GCE-B, GCE-C and GCE-D,^[@bib8]^ suggesting that GCE has more active components due to the extraction method. Quality control is a key issue to guarantee the activities of traditional Chinese medicine.^[@bib12]^ As a result, in order to benefit the prospective clinic applications, GCE, the most effective extract, was chosen to be explored.

The present study focuses on the main active component of GCE for the following reasons: (i) it would be more efficient to control quality if this could focus on one or more active components; (ii) one could synthesize the active component(s) in order to obtain more products at lower cost, such as for the synthesis of quinine;^[@bib13]^ (iii) one might modify the active molecule(s) to improve physicochemical properties and facilitate formulation of a product. For example, artemisinin, an extract from *Artemesia annua*, was largely replaced by dihydroartemisinin and its derivatives artesunate and artemether, which have greater antimalarial activities.^[@bib14]^

The aim of the current study was to determine GCE\'s chemical composition and to compare the efficacy of GCE and its main component(s) in inhibition of enamel demineralization, thereby benefiting the practical anticaries applications of GCE

Materials and methods
=====================

*G. chinensis* extract
----------------------

*G. chinensis* (origin: Sichuan Province, China) was purchased from China Tong Ren Tang drugstore (Chengdu, China). GCE was extracted as described in previous studies.^[@bib3],[@bib4],[@bib5],[@bib6],[@bib7],[@bib8],[@bib9],[@bib10]^ *G. chinensis* (1 kg) was dried in an oven at 60 °C for 3 days, finely powdered and added to 600 mL of distilled water. The mixture was stirred for 10 h at 65 °C and then filtered. The extract was re-extracted with distilled water under the same conditions. Then the extract was dissolved in 500 mL of ethanol (95%). After filtration and evaporation, the remaining extract was lyophilized to give a powder.

Liquid chromatography--time of flight--mass spectrometry analysis
-----------------------------------------------------------------

Main organic composition of GCE was qualitatively determined by liquid chromatography--time of flight--mass spectrometry (LC--TOF--MS), a tandem system. The Agilent 1 200 series (Agilent Technologies, Santa Clara, CA, USA) high-performance liquid chromatography (HPLC) consisted of a model G1315D diode array detector (DAD), a G1312B binary pump, a G1379B vacuum degasser, a G1367C autosampler and a G1316B column heater. The concentration of GCE tested was 1 mg⋅mL^−1^, and the injection volume was 5 µL. Gradient elution HPLC was applied at a flow rate of 0.4 mL⋅min^−1^ with detection at 270 nm. Two solvents were used for the mobile phase: (A) 0.1% formic acid and 10 mol⋅L^−1^ ammonium formate (pH 3.0) and (B) acetonitrile. Compounds were separated using the following gradient: 0--5 min, 5% B; 5--8 min, 20% B; 20--30 min, 30% B; 30--40 min, 20% B; 40.0--40.1 min, 5% B. The separation of components in GCE was performed on an Agilent column (Poroshell 120 SB-C18, 150 mm×4.6 mm, particle size 2.7 µm) at 40 °C.

The TOF mass detector (G1969A; Agilent Technologies, Santa Clara, CA, USA) was equipped with electrospray ionization interface. The electrospray ionization voltage was 3.5 kV, and a mass range of 50--3 000 *m*/*z* was scanned in negative full scan mode. Data processing was performed on Agilent Mass Hunter (v.B.01.04) software.

Determination of GA content in GCE
----------------------------------

As the GA peak was very obvious in HPLC--DAD chromatograms (shown in [Figure 1](#fig1){ref-type="fig"}), GA content in GCE was further quantified by HPLC--DAD. The gradient elution HPLC conditions were the same with LC--TOF--MS analysis. Flow rate was 0.4 mL⋅min^−1^, and detection wavelength was 270 nm. The injection volume was 10 µL. Data processing was performed on CHEMSTATION (v.B.04.02) software. GA (reference substance) in all the studies was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Chengdu, China).

Determination of inorganic ions
-------------------------------

Inorganic ions were determined by inductively coupled plasma--atomic emission spectroscopy (ICP--AES) (Spctro Arcos Eop, Kleve, Germany). About 0.5 g *G. chinensis* powder was digested in concentrated HNO~3~ in microwave oven. Digests were made up to 25 mL and each analysis was performed in triplicate. Considering that fluoride is an effective anticaries agent,^[@bib15]^ the fluoride content of GCE was determined with a Dionex ICS-2100 ion chromatography system (Dionex ICS-2100, Dionex, Sunnyvale, CA, USA) equipped with a GS50 gradient pump, EGC eluent generator, AS-DV autosampler, LC30 thermal compartment and a 4-mm anion self-regenerating suppressor (ASRS 300) operated in the external water mode (Dionex, Sunnyvale, CA, USA). Chromeleon SE chromatography software was used for system control. About 40 mg GCE or GA was dissolved in MilliQ water, adjusted to a final volume of 10 mL, and filtrated with a 0.22 µm filter; 25 µL injection was separated using an IonPac AS-15column (250 mm×4 mm; Dionex). A standard curve was gotten from a serial of NaF solutions with different concentrations.

Effects on demineralization of bovine enamel
--------------------------------------------

Bovine enamel specimens were prepared and the baseline surface microhardness was measured as in previous studies.^[@bib4],[@bib5],[@bib8]^ Then, 40 specimens were selected from a batch of 420 specimens, each with baseline surface microhardness between 388.7 and 436.1 Knoop hardness number.

The specimens were randomly divided into the following four different test solution groups (each *N*=10): 4 g⋅L^−1^ GCE solution (pH 5.5), 4 g⋅L^−1^ GA solution(pH 5.5), 1 g⋅L^−1^ NaF solution (positive control) and deionized water (DDW, negative control) .

Next, specimens were pH-cycled following the procedure described in a previous study.^[@bib8]^ In brief, after immersion of the specimens in one of the test solutions for 5 min, the blocks were placed in an acidic buffer (50 mmol⋅L^−1^ acetic acid, 1.5 mmol⋅L^−1^ potassium dihydrogen orthophosphate, pH 5.0) for 1 h (2 mL per block), and then in a neutral buffer (20 mmol⋅L^−1^ 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.5 mmol⋅L^−1^ potassium dihydrogen orthophosphate, pH 7.0) for 5 min (2 mL per block) in each of 12 cycles. After test solution treatment, specimens were washed with DDW three times for 1 min, and after acidic buffer or neutral buffer treatment, specimens was washed for 1 min. This cycle was repeated twice daily for 6 days. During the remaining time, the specimens were placed in neutral buffer.

After pH cycling, the acidic buffers were retained for analysis. Calcium concentration in the acidic solutions was determined using atomic absorption spectrophotometry (AAS) (Thermo Element MKII-M6; Thermo Electron, Waltham, MA, USA). Then a calcium depletion rate (CDR) for each sample was calculated.^[@bib16]^ This is a measure of calcium extracted per unit area per unit time per 1 mL acid and is calculated as

Statistical analysis
--------------------

Statistical evaluations were performed using the SPSS 16.0 software (SPSS Incorporated, Chicago, IL, USA). The normal distribution of the data was tested with the Kolmogorov--Smirnov tests. Data were analyzed with one-way ANOVA followed by *post hoc* least significant difference (LSD) tests, with the level of significance set at 5%.

Results
=======

LC--TOF--MS analysis
--------------------

HPLC-DAD chromatograms demonstrated that GCE consists of several components ([Figure 1](#fig1){ref-type="fig"}), which was also revealed by total ion current chromatography ([Figure 2](#fig2){ref-type="fig"}), and further indentified by mass spectra ([Figure 3](#fig3){ref-type="fig"}). In detail, the main molecular mass ranges, corresponding compounds and *m*/*z* values observed from negative ion experiments with LC--TOF--MS for the GCE are shown in [Table 1](#tbl1){ref-type="table"}.

The *m*/*z* values revealed that GCE were mixtures, consisting mainly of GA and its isomer, and 1--3GGs, which were galloylglucopyranose (1GG), di-galloylglucopyranose (2GG), tri-galloylglucopyranose (3GG), respectively.

Determination of GA content in GCE
----------------------------------

Regression equations for the GA were obtained by plotting the peak area of GA (*y* axis) *vs.* GA concentration (1.09--436.61 µg⋅mL^−1^, *x* axis): *y*=77.64*x*−43.52, *r*=0.9999. This way GCE was calculated to contain 71.3%±0.2% (*w*/*w*) GA, which showed GA to be the major component of GCE.

Determination of inorganic ions
-------------------------------

The data in [Table 2](#tbl2){ref-type="table"} showed that inorganic ions were present in various amounts, of which Ca was (136±2.82) µg⋅g^−1^, comprised the largest amount. *G. chinensis* also contained (6.8±0.1) µg⋅g^−1^ Zn, which is important to note as Zn is a bacteriostatic agent.^[@bib17]^ No F was present in GCE or GA.

Effects on demineralization of bovine enamel
--------------------------------------------

The average data of CDR are presented in [Figure 4](#fig4){ref-type="fig"}. CDR values were lower in the GCE and GA groups than in DDW group, with significant differences between GCE group and DDW group (*P*\<0.05), and between GA group and DDW group (*P*\<0.001). Although CDR values were lower in GA group than in GCE group, this difference was not statistically significant (*P*\>0.05).

Discussion
==========

In HPLC, gradient elution refers to a continuous change in the mobile phase during separation, and then the retention of later peaks is continually reduced.^[@bib18]^ HPLC combined with MS detection is one of the most versatile analytical techniques used for the characterization of phenol compounds.^[@bib19]^ The online coupling of HPLC with MS using electrospray ionization is developed because of its efficient resolution and identification of a wide range of polar compounds. TOF--MS can provide accurate mass data over a wide dynamic range and thereby permits the rapid and reliable assessment of the elemental composition of ions.^[@bib19]^

Combining the LC--TOF--MS data and the main *m/z* values of polyphenols in *G. chinensis*,^[@bib20]^ we were able to determine the main organic composition of GCE. Based on the HPLC--DAD data, we concluded that GA was the major component of GCE. In addition, we noted that our GCE was quite different in composition from other GCEs: Tian and colleagues reported primarily 1--10GGs from their extracts from *G. chinensis*,^[@bib20]^ while the commercially available extracts from *G. chinensis*, which is always called Chinese gallotannins, was reported to consist mainly of 3--14GGs.^[@bib21]^ We presumed that these differences in main organic composition should be attributed to the extraction method.

Also inorganic ions could in part be responsible for the clinic effects of natural medicines. In our study, calcium ions were found to make up the largest proportion in inorganic ions. Calcium is also present in saliva and needed for the re-mineralization of the dental hard tissues. Calcium could have combined effects with organic components of GCE, but this possible synergism needs to be further explored. Metal ions may have an effect on bacteria, such as Zn, which can inhibit acid production of *Streptococcus mutans* at concentration as low as 0.01--0.1 mmol⋅L^−1^.^[@bib17]^ No F was present in GCE or GA, indicating that the main active component(s) of GCE in anticaries activities is rather than F.

In previous studies, GCE was demonstrated to be more effective than GA in remineralization, according to the data of surface microhardness recovery (%SMHR).^[@bib5]^ However, in the present study, we did not find the significant differences in inhibiting enamel demineralization between GCE and GA. Considering that GA was shown to be the main component of GCE, combined with the observed similar enamel demineralization inhibiting effects of GCE and GA, this suggests that GA is the component of GCE which is primarily responsible for the inhibition of enamel demineralization.

The process of enamel demineralization involves the dissolution of enamel apatite crystals, and the diffusion of ions, in particular calcium, phosphate and hydrogen ions, into and out of the enamel microstructure. It has been suggested that diffusion in enamel is controlled by the organic matrix network, which occupies both the inter- and intra-prismatic spaces^[@bib22]^ and even appears on the surface of enamel, such as perikymata.^[@bib23]^ The organic matrix of mature enamel mainly consists of proteins, such as enamelin, tuftelin and sheathlin.^[@bib23]^ Changes in structure affect the process of the enamel demineralization by modification of the diffusion pathway inside the tooth structures.^[@bib24]^ In a previous study, GCE\'s anti-demineralization effects were presumably attributed to its ability to precipitate proteins,^[@bib8]^ and the organic matrix of enamel was demonstrated to play a substantial role.^[@bib9]^

Several factors influence the interaction of polyphenols and proteins, such as molecular weight, molecular conformation, molecular proportion of polyphenols and proteins, pH and inorganic ions.^[@bib11]^ When solutions containing GA come into contact with enamel, calcium ions form cross-links with GA, and thereby influence the precipitation with various enamel proteins. Such phenomena have been observed frequently: in bayberry juice haze, which comprises mainly protein-tannin haze, high amount of GA, calcium and proteins were found in the sediment.^[@bib25]^

Apart from inhibiting enamel demineralization effect we observed in the present study, GA was demonstrated to enhance remineralization of initial enamel lesion^[@bib4],[@bib10]^ and inhibit metabolism of oral bacteria,^[@bib26]^ suggesting that it could be a potential source for the development of promising anticariogenic agents. In particular, GA is reported to have antioxidant, antimutagenic and anticarcinogenic activities. It is expected to reduce the risk of disease and bring health benefits in cases of daily intake.^[@bib27]^ Therefore, GA could help to improve dental health if added to food and/or beverages.

There were much less small molecule gallotannins in GCE compared with GA. Either isolating from *G. chinensis* or obtaining from chemical synthesis, it is very hard and expensive to get 1--3GGs.^[@bib28]^ As the clinical significance of the present study was to benefit the practical anticaries applications of GCE, the effects in inhibiting enamel demineralization of 1--3GGs are of little significance.

*G. chinensis* is rich in gallotannins. To some degree, large moleculer gallotannins have stronger binding affinity to proteins,^[@bib29]^ and the effect of large moleculer gallotannins on inhibiting demineralization and enhancing remineralization is little known. The potential effects of large molecular gallotannins could be explored in the future study.

The present study analyzed the main organic composition and inorganic ions in GCE. Combining the effect in pH cycling, GA was the main active component in inhibition of enamel demineralization. GA is suggested to be the main effective constituent of GCE in inhibiting enamel demineralization.
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![**HPLC--DAD chromatograms.** (a) Gallic acid at 270 nm. (b) GCE at 270 nm. GCE, *Galla chinensis* extract; HPCL--DAD, high-performance liquid chromatography--diode array detector.](ijos201244f1){#fig1}

![**GCE total ion current chromatography obtained from LC--TOF--MS.** GCE, *Galla chinensis* extract; LC--TOF--MS, liquid chromatography--time of flight--mass spectrometry.](ijos201244f2){#fig2}

![**Negative mass spectra of the eight main compounds.** a--h, show the corresponding spectrum of peaks 1--8 in [Figure 2](#fig2){ref-type="fig"} respectively.](ijos201244f3){#fig3}

![**CDRs in acidic buffers after pH-cycling regimen.** CDR, calcium depletion rate.](ijos201244f4){#fig4}

###### The main *m/z* values observed from negative full scan with LC--TOF--MS for GCE

  Peak    Main observed masses of LC--TOF--MS (*m/z*)[a](#tbfnote2){ref-type="fn"}   Corresponding compounds[b](#tbfnote3){ref-type="fn"}
  ------ -------------------------------------------------------------------------- ------------------------------------------------------
  1                    663.159 4 \[2M--H\]^−^, 331.079 1 \[M--H\]^−^                                         1GG
  2                    339.044 8 \[2M--H\]^−^, 169.020 0 \[M--H\]^−^                                      GA isomer
  3                    339.044 9 \[2M--H\]^−^, 169.020 2 \[M--H\]^−^                                          GA
  4                                483.091 7 \[M--H\]^−^                                                     2GG
  5                                483.089 5 \[M--H\]^−^                                                  2GG isomer
  6                                635.105 8 \[M--H\]^−^                                                     3GG
  7                                635.104 7 \[M--H\]^−^                                                  3GG isomer
  8                                635.102 7 \[M--H\]^−^                                                  3GG isomer

GCE, *Galla chinensis* extract; LC--TOF--MS, liquid chromatography--time of flight--mass spectrometry.

The mass spectrometry was worked at least 2 µg⋅g^−1^ accuracy.

1--3GGs represented galloylglucopyranose, di-galloylglucopyranose and tri-galloylglucopyranose, respectively.

###### The inorganic ions of *Galla chinensis* obtained by ICP--AES

  Component    Content/(µg⋅g^−1^) (mean±s.d.)
  ----------- --------------------------------
  Ca                      136±2.82
  Cr                     0.21±0.01
  Fe                     15.8±0.26
  Mn                      3.1±0.08
  P                      12.3±0.21
  Sn                     0.95±0.06
  Zn                      6.8±0.12

ICP--AES, inductively coupled plasma--atomic emission spectroscopy.
